Possibility for exciton Bose-Einstein condensation in carbon nanotubes 
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We demonstrate the possibility of exciton Bose-Einstein condensation in individual small- diameter 
(^1 — 2 nm) semiconducting carbon nanotubes. The effect occurs under the exciton-interband- 
plasmon coupling controlled by an external electrostatic field applied perpendicular to the nanotube 
axis. It requires fields ^ 1 V/nm and temperatures below 100 K that are experimentally accessible. 
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Carbon nanotubes (CNs), graphene sheets rolled- up 
into cylinders of one to a few nanometers in diameter 
and up to hundreds of microns in length, have been 
successfully integrated into miniaturized electronic, elec- 
tromechanical, chemical devices, scanning probes, and 
into nanocomposite materials [l|, [2|- Over the past few 
years, optical nanomaterials research has uncovered in- 
triguing optical attributes of their physical properties [3] , 
as well, lending themselves to a variety of optoelectronic 
device applications |3l-[l^. The great breadth and depth 
of optical phenomena in CNs is exemplified by experi- 
mental and theoretical reports on how their optical prop- 
erties are affected by defects [15|, [l6j^ exciton-phonon 
interactions [17], biexciton formation fl 8| , [ l9|, exciton- 
plasmon coupling [20] , external magnetic [2i| and electric 
fields [20|, [22| . Recent studies have also looked at ther- 
mal rectification [23| , microwave- frequency signal rectifi- 
cation [2^ and non-linear optical response of individual 
CNs [25]. Several recent efforts reported on semiconduct- 
ing CNs used for the generation, detection and harvesting 
of light |6l-[l3j , and as single photon sources for quantum 
computing, communication, or cryptography j26l-[28|. 

Undoped semiconducting single-wall CNs are direct 
band-gap semiconductors and feature very large exci- 
ton binding energies (hundreds of meV) [3, Q, which 
one can vary in controllable ways to modify their un- 
derlying optical properties. This offers new functional- 
ity and creates a very strong potential for future tun- 
able optoelectronic device applications with individual 
CNs. Excitons in CNs can be affected by either electro- 
static doping [y, z9l or by the quantum confined Stark 
effect (QCSE) [12., ^] (an external electrostatic field ap- 
plied perpendicular to the CN axis; the effect is used 
recently to tune the bandgap of bilayer graphene [30]). 
In both cases, exciton properties are mediated by col- 
lective plasmon excitations. QCSE, in particular, allows 
one to control exciton-interband-plasmon coupling in in- 
dividual undoped CNs and their (linear Jl2|, |l3|, |20| and 
nonlinear pj|, |3l|) optical absorption [32]. By varying 
the exciton-plasmon coupling strength with the QCSE 
one controls both the radiative exciton emission and non- 
radiative exciton- to-plasmon energy transfer. This latter 
phenomenon is similar to the SPASER effect (Surface 
Plasmon Amplification by Stimulated Emission of Radi- 
ation) reported earlier for hybrid metal-semiconductor- 
dielectric nanostructures [33] . It takes place in individual 
small-diameter CNs though, resulting in new strongly 
coupled hybridized excitations — exciton-plasmons — 



and associated high-intensity coherent oscillating fields 
concentrated locally along the CN surface [12|, [l3| . These 
near-fields can be used in a variety of new optoelectronic 
applications, including near-field nonlinear-optical prob- 
ing and sensing, optical switching, enhanced electromag- 
netic absorption, and materials nanoscale modification. 

Apart from applications, carbon nanotubes offer an 
ideal testing ground to study the fundamentals of con- 
densed matter physics in one dimension (ID). Here, we 
discuss possibilities for the ID Bose-Einstein condensa- 
tion (BEC) phenomenon that originates from the strong 
coupling of excitons and inter-band (same-band) plas- 
mons enabled by using the QCSE. Exciton-plasmons thus 
created in an individual nanotube are strongly correlated 
collective Bose excitations and, therefore, could likely be 
condensed under appropriate external conditions — in 
spite of the well-known statements of the BEC impossi- 
bility in ideal 1D/2D systems [34] and experimental evi- 
dence for no exciton BEC effect in CNs [35| . Possibilities 
for achieving BEC in ID and 2D systems are theoreti- 
cally demonstrated in the presence of an extra confine- 
ment potential [36] . We show that the strongly correlated 
exciton-plasmon system in a CN presents such a special 
case. We find the critical BEC temperature, as well as the 
condensate fraction and its exciton contribution as func- 
tions of temperature and electrostatic field applied. We 
discuss how the effect can be observed experimentally. 

Figure [1] shows our calculations of the dynamical ax- 
ial conductivities for a few representative semiconducting 
CNs, (13,0), (16,0), (20,0) and (26,0), of increasing diam- 
eters - 1-2 nm {RcN = 0.51,0.63,0.78 and 1.02 nm, 
respectively). In small-diameter CNs, excitons are ex- 
cited by the external electromagnetic (EM) radiation 
polarized along the CN axis [37]. So, only the axial 
conductivity cizz matters while the azimuthal one a^^^ 
can be neglected being strongly suppressed due to the 
transverse depolarization effect [we use cylindrical coor- 
dinates. Fig. [2] (a), with the z-axis being the CN axis]. To 
calculate a^^, we used the (k-p)-method of Ref. [37| with 
the exciton relaxation time 100 fs for all four CNs (con- 
sistent with previous estimates [13, [22|)- Many-particle 
Coulomb correlations are included by solving the Bethe- 
Salpeter equation in the momentum space within the 
screened Hartree-Fock approximation as described in 
Ref. [33 • Real conductivities consist of series of peaks 
(£^ii,£'22, •••) representing the 1st, 2nd, etc., excitons. 
Imaginary conductivities are linked with the real ones by 
the Kramers-Kronig relation. That is why the functions 
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FIG. 1: (Color online) Calculated energy dependence of the 
dimensionless (normalized by e^ /2tiK) axial surface conduc- 
tivity Gzz for the four zigzag nanotubes, (13,0), (16,0), (20,0) 
and (26,0), of increasing diameters. Peaks of Recr^^ repre- 
sent excitons (^11, E22)] peaks of Yle(l/(Tzz) represent inter- 
band plasmons (Pii, P22)- Dimensionless energy is defined as 
[Energy]/ 2^0^ where 70 = 2.7 eV is the C-C overlap integral. 



Re(lM,) = Re(a,,)/{[Re(a,,)]2 + [lm{(7,,)f} show the 
resonances Pii,P22,--- right next to £^ii,£^22, ••• • These 
are the inter-band plasmon resonances (first studied ex- 
perimentally in Ref. [38]) as Heil/azz) is directly related 
to Im(l/e22), the electron-energy- loss spectroscopy re- 
sponse {czz is the longitudinal dielectric function) repre- 
sentative of plasmon excitations in the system [38] . 

Perpendicular electrostatic field [Fig. [2] (a)] mixes exci- 
ton and plasmon resonances, to result in two branches of 
new hybridized quasi-particle states, exciton-plasmons, 
with the energies (dimensionless variables, see Ref. [20|) 



binding energy; these, as well as x^, are affected by the 
QCSE, see Ref. [20]} and the second term being the ki- 
netic energy of the translational longitudinal motion of 
the exciton with the effective mass M^^ = ^^e + '^hi 
where rrie^h are the electron (hole) effective masses. 

Figure [2] (b) shows an example of the two exciton- 
plasmon branches given by Eq. ([T]) as functions of the 
perpendicular electrostatic field F [geometry shown in 
Fig. [2] (a)] and longitudinal momentum for the lowest 
bright ground-internal-state exciton (in which case we 
omit the /-subscript in what follows) coupled to the near- 
est inter-band plasmon in the (20,0) nanotube [E]^^ ' 
and P[i ' in Fig. [1]. The origin of energy is taken 
to be X2{F^kz = 0). In non-zero field Fc ~ 2 V/nm, 
where the strong exciton-plasmon coupling occurs, the 
upper branch xi has the global minimum at zero momen- 
tum, k^ = kz{Fc) = 0, separated from the lower branch 
by the Rabi-splitting X(Fc,0). Hence, at equilibrium, 
if the temperature T is such that kBT/2jo > X(Fc,0), 
strongly coupled upper-branch exciton-plasmons will be 
distributed around this minimum in the momentum 
space. Lowering T to get ksT /2jo <X(Fc,0) will push 
them all down to occupy the lowest possible energy state, 
the kz = state, which is nothing but the exciton- 
plasmon BEG effect. This effect does not depend on the 
density of particles though, as opposed to the BEG of 
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where Sf = £^/(k)/27o and Xp = Ep/2^Q are the energies 
of the /-internal-state exciton and inter-band plasmon of 
the same band, respectively, with 70 = 2.7 eV being the 
G-G overlap integral, Xf = [2AxpTQ{xp)p{xp)]^^'^ is the 
exciton-plasmon Rabi-splitting taken at energy x = Xp^ 

where f q is the exciton spontaneous decay (radiative re- 
combination) rate and p{x)^p{xp)AXp/[{x — Xp)'^-\-AXp] 
is the Lorentzian approximated (of half-width-at-half- 
maximum Axp) density-of-states (DOS) representing the 
non-radiative coupling of excitons to plasmons. Exciton 
quasi- momentum ]<. = {k^p^kz} is a two-component vec- 
tor with quantized k^p and continuous kz to represent the 
longitudinal motion of the exciton center-of-mass, so that 
Ef{k) = Eill{k^) + n^kl/2Mex{k^) with the first term 
Eexc{^p) = Eg{k^) -\- E\^ \k^p) being the exciton excita- 
tion energy {Eg is the band gap, £^^ is the (negative) 




FIG. 2: (Color online) (a) The geometry of the problem. 
(b) Exciton-plasmon dispersion as a function of the perpen- 
dicular electrostatic field and longitudinal momentum for the 
lowest bright exciton coupled to the nearest inter-band plas- 
mon in the (20,0) nanotube (£;^f'°^ and P[f'^^ in Fig. [1]). 
See text for dimensionless momentum. 
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FIG. 3: (Color online) Critical temperatures (a) as functions 
of the perpendicular electrostatic field applied and longitu- 
dinal momentum, and mean upper-branch BEC population 
fractions (b) as given by Eq. (|2]), for the four CNs under con- 
sideration. See text for dimensionless momentum. 

non-interacting massive bosons [SJ, [39|. Therefore, it 
is hardly sensitive to the interaction, if any, between 
exciton-plasmons. Rather, this BEC effect is the charac- 
teristic feature of the quasi-particle energy spectrum of 
the coupled exciton-plasmon excitations in our system. 

It is not difficult to derive the BEC fraction as a func- 
tion of T and F. At kz ^ k^^ wherein Sf ^ Xp^ Eq. ([!]) 
expands into xi(F,5,t) ~ Xf[s^tc{F)] -\- a{s)t'^ /2^ with 
the energy counted from X2(F, t = 0), t = kz/kz being the 
dimensionless longitudinal quasi- momentum (|t| < 1) and 
a = n^kl/2Mex{s). The first Brillouin zone of the CN of 
(m, n) type (n < m) is taken to be consisting of m paral- 
lel lines, as per quantized k^p = k^{s) = s/Rcn with s = 
(V3V27r)Vm2^^ 



1,2, 



. . , 771 and RcN 



mn + n^, each 
of length 2kz = 2B/k^{m), where 2B = 2{47r'^ /3V^b'^) 
is the rectangular area of the reciprocal space covered 
by the lines, 6 = 1.42 A is the C-C interatomic dis- 
tance [12|. To obtain the mean upper-branch BEC pop- 
ulation fraction (nio), we use this xi and employ the 
conventional technique (e.g., Refs. fsj, [39|) to perform 
the summation over k in the first Brillouin zone. For the 
ground-internal-state exciton, assuming Mex{s) ~ Mex 
and Xf[s,tc{F)]^Xf[tc{F)]=X{F), this results in 



where Tc{F) = 2joX{F)/kB is the critical temperature 
with X{F) = {2AxpTo[s{F,t = 0)]p[s{F,t = 0)]y/'^ stand- 
ing for the exciton-plasmon Rabi-splitting at the (excita- 
tion) energy of the zero- momentum ground-state exciton. 
This latter one controls the convergence of the result. 

Figure[3](a) shows calculated Tc as functions of F and t 
(to better understand the general behavior), for the low- 
est bright ground-internal-state excitons coupled to the 
nearest inter-band plasmons in the four CNs under con- 
sideration. The functions Tc(F, t) are resonance shaped of 
widths ~2Axp, peaked at e{F^ t)^Xp{F). As F increases, 
the peak positions shift down to t~0, yielding field de- 
pendent, resonance shaped Tc{F), same as X(F), peaked 
at Fc ~1 — 6 V/nm with maximum Tc~ 150 — 500 K and 
greater Fc and Tc for smaller diameter CNs. Figure [3] (b) 
presents (nio) as given by Eq. (|2]) for the same case. The 
quantities (nio) reflect the behavior of Tc{F)^ showing 
finite BEC fractions throughout the finite ranges of F 
centered about Fc, expanding in F as T decreases. 

Following the general theory of the exciton-plasmon 
interactions in individual CNs [20|, one can now calcu- 
late the exciton participation rate in the exciton-plasmon 
BEC population fraction (|2]). This is represented by the 
absolute value squared of the ratio of the exciton mixing 
coefficient to the plasmon mixing coefficient of the upper 
exciton-plasmon branch. Using the mixing coefficients of 
Ref. [20] yields thus defined exciton fraction condensed as 
a function of dimensionless energy x, T and F as follows 



(nio Lp (a:, T,F) 



7rAxp{x — xi)^(l + xi/ey 
X2(F) 



(^lo) (3) 



with energies to be counted from X2 (F, t = 0). Comparing 
this with Fig. [2] (b), we see that at x = corresponding 
to the first ground-state-exciton excitation energy and 
F = Fc [resonance condition yielding xi = X{Fc) and 
e = X(Fc)/2], Eq. (J3]) becomes 97rAa^(nio) <C 1, mean- 
ing that the exciton-plasmon BEC is dominated by plas- 
mons. This is consistent with the coherent plasmon gen- 
eration effect by excitons reported lately [12, 13]. A slight 
detuning from Fc increases xi and dramatically decreases 
X{F) [Fig. [3] (a)], bringing about bursts of {riio)^^^ > 1, 




(nio)(T<Tc,F)^l-T/Tc(F), 
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FIG. 4: (Color online) Function ln[l + (nio)£;/p (0, T, F)] calcu- 
lated using Eqs. ([2|) and Q for the CNs under consideration. 



making the exciton-plasmon BEC dominated by excitons. 
The exciton BEC effect is shown in Fig. 3] for the 
CNs under consideration. It occurs at F ^ 1 V/nm and 
T^ 100 K that are experimentahy accessible [30]. The 
effect is stronger and covers broader range of F and T in 
smaher diameter CNs. Off-resonance couphng to inter- 
band plasmons, which are just standing charge density 
waves, slows excitons down by pushing them into pe- 
riodic effective potential "traps", thus increasing zero- 
translational-momentum exciton state population. This 
is consistent with earlier studies where the 1D/2D BEC 
phenomenon, otherwise prohibited [34], is shown to occur 
in the presence of an extra confinement potential [36| . 



The effect of the exciton BEC presented here will mani- 
fest itself as highly coherent, longitudinally polarized, far- 
field exciton emission appearing at temperatures below 
100 K as one smoothly increases the perpendicular field 
strength. Narrow BEC emission peak will be blue shifted 
by the Rabi-splitting energy from the first exciton excita- 
tion energy which the CN should be pumped at by an ex- 
ternal laser source. The phenomenon can be investigated 
in experiments similar to those used for exciton-polariton 
BEC studies in semiconductor microcavities J4Q^. 
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